A functional nef gene is critical for the full pathogenic potential of primate lentiviruses. Nef-defective mutants of simian immunodeficiency virus (SIV) persist inefficiently and usually do not cause disease in juvenile or adult rhesus macaques (36) . Some human immunodeficiency virus type 1 (HIV-1)-infected individuals harbor attenuated, mutant forms of the virus from which nef has been deleted (14, 40) . All of these individuals showed low viral loads and unusually slow disease progression (40, 41) . Furthermore, the HIV-1 nef-gene enhances the pathogenicity of SIV (3, 37) and can cause immunodeficiency in transgenic mice (26) . In vitro, Nef (i) down-modulates CD4 (1, 18) , CD28 (65) , and major histocompatibility complex class I (MHC-I) cell surface expression (23, 42, 58) , (ii) alters cellular signal transduction pathways (50, 57) , (iii) affects T-cell receptor signaling (5, 28, 31, 56) , (iv) enhances virion infectivity (9) , and (v) stimulates viral replication (4, 44, 61) . The contributions of these in vitro Nef functions to AIDS pathogenesis are largely unknown. However, accumulating evidence suggests that a combination of multiple, functionally separable, Nef activities allows HIV-1 and SIVmac to maintain high viral loads and cause disease in the majority of infected hosts (8, 30, (45) (46) (47) .
Nef appears to interfere with the antiviral immune response (32) and down-modulates MHC-I from the cell surface (23, 34, 42, 58) . Although this function requires high levels of Nef expression, several findings suggest that it contributes to efficient viral persistence in the infected host. Nef down-regulates cell surface expression of HLA-A and HLA-B but not of HLA-C and protects HIV-infected cells from lysis by cytotoxic T lymphocytes (CTL) and natural killer cells in vitro (10, 11) . Only nef alleles obtained during the asymptomatic phase of HIV-1 and SIV infection efficiently down-modulate MHC-I, indicating that a selective pressure exists in immunocompetent hosts only (8, 47) . Furthermore, a point mutation in SIVmac Nef, which selectively disrupts MHC-I down-regulation, reverts rapidly in infected rhesus macaques, suggesting an important role of this Nef function in SIV replication in vivo (45) .
In addition to reducing MHC-I-restricted lysis of HIV-infected cells by CTL, Nef might also affect the stimulation of CD4 ϩ T helper cells by antigen-presenting cells (APCs) that requires interaction between the T-cell receptor and antigen presented in the context of MHC-II on the surface of infected cells. It is known that Nef impairs T-cell receptor signaling in infected CD4
ϩ T cells by down-modulating the cell surface expression of CD4 (1, 18) and CD28 (65) and the expression or signaling of CD3 (28, 31, 56) . Recently, it has been shown that Nef also affects MHC-II antigen presentation by two distinct mechanisms (62) : (i) down-regulation of surface expression of mature MHC-II and (ii) up-regulation of the MHC-II-associated invariant chain (Ii, CD74). The importance of Ii in the regulation of MHC-II antigen presentation is well established (7, 13, 63) . MHC-II associated with Ii represents a maturation intermediate of mature, peptide-loaded MHC-II molecules and is nonfunctional in stimulating CD4 ϩ T cells (63) . Stable surface expression of Ii prevents peptide presentation (52) . APCs such as dendritic cells and macrophages, as well as activated CD4 ϩ T cells, express MHC-II and are infected by HIV-1. Antigen-specific activation of T helper cells orchestrates the activities of CTL and B-cell responses and is crucial for an efficient antiviral immune response (48) . Helper T-cell responses are impaired in HIV-1-infected individuals with progressive infection but not in long-term nonprogressors (LTNPs), suggesting an important role in the development of disease (6, 15, 16, 53) .
Modulation of MHC-II-restricted antigen presentation by Nef might contribute to persistent viral replication in HIV-1-infected individuals. However, it is currently unclear whether this Nef function is conserved among primary HIV-1 isolates and other primate lentiviruses. Addressing this, we demonstrate that the abilities of Nef to down-regulate surface expression of MHC-II and up-regulate Ii are well conserved among patient-derived HIV-1 nef alleles. Similar observations were made with HIV-2 and SIV Nef proteins. These activities did not change significantly during late stages of infection, in contrast to our previous findings on MHC-I and CD4 down-modulation and stimulation of HIV-1 replication (8) . The greatly increased cell surface expression of Ii in HIV-1-infected cells, which was not observed for some nef alleles derived from LTNPs, suggests that this function is physiologically relevant and contributes to viral immune evasion in vivo.
MATERIALS AND METHODS
Plasmids. Bicistronic cytomegalovirus-based pCG expression vector coexpressing the green fluorescent protein (GFP) and consensus, individual, or pooled HIV-1 nef alleles were generated as described elsewhere (8) . For most HIV-1 nef alleles used in the present study, sequence analysis and functional activity in down-modulation of CD4 and MHC-I cell surface expression and enhancement of viral infectivity and replication has been described (8, 39) . Briefly, nef alleles were derived from HIV-1-infected individuals enrolled into a United Kingdom cohort of HIV-1-infected individuals based in London (17) and from patients with severe hemophilia A monitored by the New England Area Hemophilia Center at the University of Massachusetts Memorial Hospital, Worcester (24) . The definitions of non-, slow, and rapid progressors of HIV-1 infection were as described previously (39) . Individual participants with earlier designations in the literature are as follows: LTNP2, AD (2, 8, 39, 43) ; LTNP4, HP (2, 8, 25, 39, 43) ; SP7, MB (8, 39, 43) ; and P2, FA (8, 39, 43) . The NPex, NPcon, Pcon, Pex, and PexP consensus nef alleles were generated based on the analysis of nef sequences derived from 91 HIV-1-infected individuals at different stages of disease (8, 39) . Vectors expressing HIV-2 Ben (38) or Rod (54) nef alleles and the NL4-3nef‫ء‬ control vector containing inactivating mutations of ATGGGTGGCAAGTGGTCC to gTGGGTGGCtAGTGaTCA at the 5Ј end of nefЈ were generated by standard PCR and cloning techniques (lowercase letters specify mutated positions). Site-specific mutagenesis of NA7 Nef, a natural HIV-1 nef allele, has been described elsewhere (31) .
Transfections and cell culture. Transfection of Jurkat T cells was performed by using the DMRIE-C reagent (Gibco-BRL, Karlsruhe, Germany) according to the manufacturer's instructions. HeLa CIITA cells were transfected with Metafectene (Biontex, Munich, Germany). Briefly, 2.5 g of DNA in 100 l of optimized minimum essential medium (Invitrogen, Karsruhe, Germany) was mixed with 12 l of Metafectene in 100 l of optimized minimum essential medium, followed by incubation for 30 min at room temperature. Subsequently, the mixture was added to 2 ϫ 10 5 cells, followed by incubation for 6 h at 37°C. Thereafter, the medium was changed, and cells were analyzed by fluorescenceactivated cell sorting (FACS) on the following day. Transfection efficiencies varied between 20 and 35%. HeLa CIITA, Jurkat T, and 221-B7 cells were cultured as described previously (8, 10, 62) .
Transduction with VSV-G pseudotypes. To generate pseudotyped viral particles, 293T cells were cotransfected with NL4-3 proviral constructs carrying either nef open or nef-defective reading frames, followed by an internal ribsosome entry site and the GFP gene, and a plasmid (pHIT-G) expressing the Env protein of the vesicular stomatitis virus (VSV-G) as described previously (27). Viral stocks were divided into aliquots and frozen at Ϫ80°C. The p24 antigen concentrations were quantified by using an HIV-1 enzyme-linked immunosorbent assay provided by the NIH AIDS Research and Reference Program. 221-B7 cells, peripheral blood mononuclear cells (PBMC), or HeLa CIITA cells were transduced with the pseudotyped virus particles, and cell surface expression of MHC-I, MHC-II, and Ii on GFP-expressing cells was analyzed by FACS 2 days later.
Flow cytometry. CD4, MHC-I, CD28, and GFP reporter molecules in Jurkat T cells transfected with a bicistronic vector coexpressing Nef and GFP were measured as described previously (8) . Down-modulation of MHC-II and up-regulation of Ii was measured on transfected HeLa CIITA cells. The following phycoerythrin-conjugated antibodies were used: anti-human CD4, anti-human CD3, and anti-Leu-28 (BD Biosciences Pharmingen); anti-CD74/R-PE M-B741 (Ancell); anti-HLA-ABC antigen/RPE (Dako); mouse anti-human HLA-DR TU36 (Caltag Laboratories); and L243 (BD Biosciences Pharmingen). Staining with both TU36 or L243 gave similar results. The levels of MHC-II and Ii expression (red fluorescence) were measured from aliquots of the same transfection as a function of green GFP fluorescence. For the quantitation of Nef-mediated MHC-II and Ii down-or up-regulation, the mean channel numbers of red fluorescence were determined for cells expressing no, low, medium, or high levels of GFP (Fig. 1 ). Cells were defined by either background levels of GFP expression (i.e., no expression) or by their different ranges of green fluorescence (low, medium, and high) and hence Nef expression ( 
RESULTS

Up-regulation of Ii and down-modulation of MHC-II are conserved properties of primate immunodeficiency virus nef alleles.
It has been previously shown that nef alleles derived from the HIV-1 NL4-3, LAI, and HXB2 molecular clones modulate Ii and MHC-II cell surface expression (62) . However, it remained unknown whether these in vitro Nef functions are conserved among different groups of primate lentiviruses. SIVmac and HIV-2 Nef perform functions similar to those of HIV-1 Nef, but the various in vitro activities are often mediated by different domains and/or involve different mechanisms (5, 28, 31, 64) . We used transient transfection of HeLa CIITA cells with a bicistronic vector (8) to assess these in vitro Nef activities. Transfected cells coexpressed Nef and GFP at correlating levels, allowing a quantitative evaluation of Nef function (Fig. 1) .
The nef alleles of HIV-1 NL4-3, HIV-1 NA7, SIVmac239 (35, 49) , and HIV-2 Ben (38) were functionally active in downmodulating MHC-II and up-regulating Ii cell surface expression ( Fig. 2A) . None of these effects was observed in HeLa CIITA cells transiently transfected with the vector NL43nef‫,ء‬ where the nef allele was inactivated by point mutations in the ATG initiation codon and premature in frame stop codons. Notably, the effect of Nef on MHC-II down-modulation did not saturate at high levels of Nef expression. In contrast, maximum Ii up-regulation was observed at medium to high levels of Nef expression and became less efficient above an optimum ( Fig. 2A) . The ideal concentration of Nef was allele dependent: for example, higher amounts of HIV-2 Ben than SIVmac239 Nef were required for efficient Ii up-regulation ( Fig.  2A) . Modulation of MHC-II and Ii cell surface expression were both measured from the same transfection. Therefore, these results were not biased by different transfection efficiencies. For a more quantitative evaluation the mean channel numbers of red MHC-II or Ii fluorescence obtained for cells expressing GFP only were divided by the corresponding numbers obtained for cells coexpressing Nef and GFP to calculate X-fold down-or up-modulation, respectively (Fig. 2B) . Of the nef alleles studied, SIVmac239 was most active in down-regulating MHC-II. In comparison, HIV-1 NA7, HIV-1 NL4-3, and HIV-2 Ben gave similar activities and the HIV-2 Rod molecular clone (54) lacked this function (Fig. 2B, left) . For enhancement of Ii surface expression, HIV-1 NA7 was most efficient, giving Ͼ20-fold-enhanced cell surface expression levels, with the other four nef alleles showing lower but similar activities (Fig. 2B, right) . In agreement with a previous study (61), we found that Nef up-regulates Ii at low expression levels, whereas efficient down-modulation of MHC-II requires higher concentrations. These results demonstrate that Nef-driven upregulation of Ii and down-modulation of MHC-II is conserved among different groups of primate lentiviruses.
Modulation of MHC-II and Ii surface expression by Nef is conserved in primary HIV-1 isolates. Next, we analyzed the functional activities of primary nef alleles derived from four HIV-1-infected individuals with progressive disease (Fig. 3A) and four LTNPs (Fig. 3B) . nef alleles from both immunodeficient subjects and LTNPs down-modulated MHC-II cell surface expression. Those from the progressors P2-93 and SP7-91 showed the highest efficiencies (Fig. 3A, upper panel) , while that from a LTNP (039nm94) showed ϳ2-fold-reduced functional activity (Fig. 3B, upper panel) . Functional activity of these primary nef alleles in up-regulating Ii showed more variation. Those derived from the four progressors and the asymptomatic individuals 032an93 and LTNP4-87 increased Ii surface expression, albeit with lower efficiency than NA7 Nef ( 039nm94 and LTNP2-93 did not up-regulate Ii surface expression, although they were functionally active in other in vitro assays for Nef function, such as down-regulation of MHC-I, MHC-II, and CD4 and enhancement of viral infectivity (Fig.  3B , lower panel, and data not shown). From previous nef sequencing studies we generated consensus nef alleles for large numbers of nonprogressors (NPcon) and immunodeficient individuals (Pcon), as well as alleles containing changes most commonly seen in either nonprogressors (NPex) or progressors (Pex) and an additional variant with an N-terminal PxxP motif (PexP) (8) . All of these have been analyzed for their ability to down-modulate MHC-I and CD4 and to enhance HIV-1 NL4-3 infectivity and replication (8) . The five consensus nef alleles were more active in down-modulating MHC-II than NA7 Nef with the Pcon, Pex, and PexP Nefs being slightly more active than those of NPex and NPcon (Fig. 3C, upper  panel) . In contrast, the nef alleles representative of progressing individuals (Pcon, Pex, and PexP) were approximately twofold less active in up-regulating Ii than those (NPcon and NPex) representing nonprogressing individuals (Fig. 3C , lower panel). These functional differences were consistently observed in three independent experiments (data not shown). Thus, Nef amino acid substitutions representative of HIV-1-infected nonprogressors and progressors might have differential effects on down-regulation of MHC-II and up-modulation of Ii cell surface expression.
Taken together, our results demonstrate that most primary HIV-1 nef alleles modulate MHC-II and Ii cell surface expression. However, the functional activity in Ii up-regulation varied considerably, and nef alleles derived from two nonprogressors showed little activity in this assay. In comparison, down-modulation of MHC-II was well conserved but, similar to MHC-I down-regulation, required high Nef expression levels.
Nef activity in modulating Ii and MHC-II expression does not change significantly during AIDS progression. We have previously shown that the functional activity in MHC-I downmodulation decreases in immunocompromised individuals (8) . Similarly, the Pcon and Pex nef alleles had lower functional activity in Ii modulation compared to the NPcon and NPex nef alleles (Fig. 3C) . Next, we evaluated whether the ability of Nef to modulate MHC-II or Ii expression also changes during or after AIDS progression. Representative mixtures of primary nef alleles for each patient and time point derived from six individuals prior to, during, and after AIDS progression, characterized for activity in other in vitro assays of Nef function (8), were assessed for modulation of Ii and MHC-II cell surface expression. As summarized in Table 1 , all pooled HIV-1 nef alleles were functionally active in modulating MHC-II and Ii surface expression. In contrast to our findings on MHC-I down-modulation with the same set of nef alleles (8), the functional activity in down-modulation of MHC-II did not decrease during late stages of infection. On the contrary, nef alleles obtained during the asymptomatic stage of infection were slightly less active (7.1 Ϯ 0.9 [n ϭ 8]) than those obtained after disease progression (10.1 Ϯ 2.6 [n ϭ 6]) ( Table 1) . Our results also demonstrate that, on average, the activity of Nef in inducing Ii up-regulation does not change significantly during the course of HIV-1 infection (Table 1) . Some exceptions existed, however. nef alleles derived from P9 showed increased Ii upregulation after AIDS progression, whereas a twofold drop was observed with late-stage nef alleles derived from P10 (Table 1) . Most remarkably, all pools of primary nef alleles were highly active and typically resulted in ϳ10-fold-enhanced levels of Ii surface expression even at medium levels of Nef expression.
These findings show that alterations in Nef-driven MHC-II and Ii modulation are observed in some individuals, but usually both Nef functions are well conserved throughout the course of infection, whereas late-stage nef alleles were more active in CD4 down-modulation and enhancing viral replication but impaired in MHC-I down-modulation (8) .
Modulation of MHC-II and Ii surface expression in HIV-1-infected cells. To evalute whether Nef affects MHC-II and Ii expression in infected cells, VSV-G-pseudotyped nef-open and
nef-defective HIV-1 NL4-3 particles were used to transduce human PBMC, HeLa CIITA cells (62) , and the B-lymphoblastoid 221-B7 cell line (10) coexpressing CD4, defined MHC-I proteins (HLA-B702) and high levels of MHC-II. As a control, we measured MHC-I downregulation, a function known to require relatively high Nef expression levels. All cell types transduced with proviral NL4-3 constructs containing a functional nef gene showed a significant reduction in surface levels of MHC-I (Fig. 4, left panel) and increased surface expression of Ii (Fig. 4, right panel) . The effect of Nef on Ii expression on PBMC was only moderate, probably because only a subset of this mixed cell population can express this marker. MHC-II surface expression was clearly reduced on HeLa CIITA cells but remained normal on PBMC and 221-B7 cells (Fig. 4 , middle panel). For all three surface antigens, mock-transduced cells gave results comparable to cells transduced with nefdefective constructs. These results suggest Ii is up-regulated in HIV-1-infected cells and might alter antigen presentation. However, it remains to be elucidated whether mature MHC-II is significantly reduced in HIV-1-infected human APCs.
Charged residues at the base of the C-proximal flexible loop in HIV-1 Nef are important for Ii up-regulation. We analyzed (Fig. 5A) were defective in at least one of the in vitro functions investigated. Western blot analysis revealed that all of these Nef mutants were expressed at similar levels (data not shown). Several changes reduced the ability of NA7 Nef to down-regulate MHC-II, with alterations in the acidic domain (EEEE62AAAA) and in the PxxP motif (P72A and P75A; representing an SH3-binding domain) having the strongest disruptive effects (Fig. 5B) . In contrast, these mutations enhanced Ii up-regulation (Fig. 5B) . Mutations of the EE motif near the N terminus of the loop (EE154AA) and the acidic residues near the C terminus of the loop (ED174AA and ERE177AAA) reduced and disrupted Ii up-regulation, respectively (Fig. 5C ). These seven Nef mutants had differential effects on the five in vitro Nef activities analyzed. For example, mutation of EK35AA near the N terminus impaired down-modulation of CD4 and CD28 having no effect on up-regulation of Ii and down-modulation of MHC-I, respectively (Fig. 5) . The acidic region (EEEE62AAAA) was important for efficient down-regulation of MHC-II and CD28 but dispensable for up-regulation of Ii or down-modulation of CD4. The PxxP motif (P72A, P75A) proved to be relevant for modulation of MHC-II and to some extent MHC-I and CD28 cell surface expression but was 
a Values for down-regulation (MHC-II) or up-regulation (Ii) (n-fold) of cell surface expression levels were determined for HeLa CIITA cells expressing low (L), medium (M), and high (H) levels of GFP as described in Materials and Methods. The results were confirmed in two additional experiments and with three individual nef alleles derived from each patient and time point. Means Ϯ the standard deviation are given for sample groups.
b n ϭ number of samples with CD4 ϩ -cell counts in the ranges indicated. c ND, not determined. dispensable for up-regulation of Ii and down-modulation of CD4. The mutation RR105AA, affecting the PAK2 binding site (51) , impaired all Nef functions but up-regulation of Ii (Fig. 5C ). In comparison, mutation of EE154AA reduced functional Nef activity in altering MHC-I and -II and Ii expression but had little effect on CD4 and CD28 down-regulation. Finally, mutation of the charged residues near the C terminus of the flexible loop (ED174AA and ERE177AAA) impaired or disrupted Nef-mediated modulation of Ii, MHC-II, CD4, and CD28 cells surface expression but not down-regulation of MHC-I (Fig. 5D) . Thus, Nef-mediated modulation of these different cell surface markers is mediated by overlapping but not identical surfaces of the molecule.
DISCUSSION
This study demonstrates that primary HIV-1, HIV-2, and SIVmac nef alleles modulate MHC-II and Ii cell surface expression, indicating that the ability of Nef to impair MHC-IImediated antigen presentation and, hence, CD4
ϩ -T-helpercell responses are conserved among different groups of primate lentiviruses. Usually, virus-specific T helper responses are low or absent in most hosts infected with pathogenic HIV-1 or SIV (19) but strong in HIV-1-infected individuals harboring nef-defective forms of the virus and in monkeys experimentally infected with attenuated SIVmac239 variants from which nef has been deleted (15, 16, 19) . However, it remains to be clarified whether these differences result from the lack of Nef function or are just due to the lower viral loads and asymptomatic status of hosts infected with attenuated virus variants. Vigorous and sustained CD4
ϩ -T-helper responses have been observed in HIV-1-infected long-term nonprogressors (53) . To further elucidate whether Nef specifically impairs CD4
ϩ -Thelper responses in vivo, it would be interesting to compare the T-helper and CTL responses in macaques infected with either nef-defective or vpx/vpr-defective SIVmac variants showing similar degrees of attenuation (21) .
Surface expression of Ii was strongly increased in transfected cells expressing low to moderate levels of Nef and in HIV-1-infected cells. In contrast, down-modulation of mature MHC-II was only observed at high levels of Nef expression. Extending a previous study, we demonstrated that the levels of MHC-II on the surface of Nef-expressing HIV-1-infected HeLa CIITA cells are slightly reduced (62) . However, we did not observe a significant decrease in MHC-II surface levels on 221-B7 cells or human PBMC transduced with proviral HIV-1 constructs (Fig. 4) . It has been demonstrated recently that Nef down-modulates MHC-I cell surface expression much more efficiently on primary T cells compared to HeLa cells (34) . The influence of Nef on MHC-II surface expression might also be cell type dependent, and it will be important to investigate this in HIV-1-infected primary APCs.
The importance of both Nef functions for MHC-II antigen presentation and the pathogenicity of HIV-1 remains to be defined. However, since surface expression of Ii was usually dramatically increased and MHC-II associated with Ii cannot stimulate CD4 ϩ T cells, it is likely that this Nef function interferes with MHC-II-restricted peptide presentation. Furthermore, Ii up-regulation was seen for nef alleles derived from all progressing HIV-1-infected individuals studied except for two of four LTNPs only, suggesting that this Nef function might be relevant for progressive infection. nef alleles from patients LTNP2 and 039nm94 did not up-regulate Ii; however, they maintained low viral loads and stable CD4
ϩ -T-cell counts despite more than 15 and 12 years, respectively, of documented HIV-1 infection. LTNP2 is among seven individuals of 128 HIV-1-infected participants monitored by the New England Hemophilia Center of the University of Massachusetts/Memorial Health Care System who met the criteria for long-term nonprogression (24) . Notably, LTNP2 was the only individual with nonprogressive infection in this cohort in whom no unusual, difficult-to-revert polymorphisms in HIV-1, which might attenuate viral replication, could be detected (2) . Furthermore, this individual's class I HLA alleles (HLA-B49 and HLA-A29) are typically associated with more rapid progression to AIDS (24, 33) . Clearly, a larger number of LTNPs must be analyzed, but the preliminary results suggest that the inability of Nef to up-regulate Ii might contribute to the lack of disease progression in LTNP2. nef alleles derived from another nonprogressor, LTNP4, could modulate MHC-II and Ii surface expression (Fig. 3) , but neither down-modulated CD4 or enhanced viral replication (8, 43) . Thus, in addition to grossly defective nef genes, more-subtle differences in Nef function might contribute to nonprogressive HIV-1 infection. Nef affects multiple aspects of the interactions between CD4 ϩ T cells and MHC-II-expressing APCs (5, 22, 28, 29, 31) . The concerted modulation of CD4, CD28, Ii, MHC-II, and/or CD3 cell surface expression should impair both the adhesion between T cells and APCs, as well as the duration and strength of the antigen-specific signal in the T cell. Recent studies suggest that Nef prevents antigen-specific T-cell activation while activating downstream effectors in signaling pathways that mediate cellular activation and lead to efficient virus production (30, 60, 64) . SIVmac variants containing mutations that selectively disrupt specific in vitro functions of Nef are useful in studying the relative contribution of different Nef activities to viral replication and pathogenesis in vivo (30, 45) . However, we have not been able to identify motifs in SIV Nef exclusively required for down-modulation of MHC-II or upregulation of Ii. Thus, it will not be easy to determine to what extent these Nef functions contribute to viral pathogenesis.
We demonstrated previously that nef alleles obtained during late stages of HIV-1 infection did not down-modulate MHC-I efficiently, but they were highly active in stimulating viral replication and down-regulating CD4 (8) . The progressor consensus nef alleles (Pcon, Pex, and PexP) and the late stage P2-93 or SP7-93 nef genes were less active in up-regulating Ii than the NPcon, NPex, P2-87, and SP7-88 nef alleles (Fig. 3) . However, the average functional activity of Nef in modulating Ii and MHC-II surface expression did not change significantly during or after progression to AIDS in six progressing HIV-1-infected individuals. One possibility is that these Nef functions are relevant for efficient viral replication throughout the course of infection. However, it should be noted that mutations in the C-proximal flexible loop disrupted Ii up-regulation and impaired down-regulation of CD4 (Fig. 5) . Thus, whereas some mutations in Nef selectively affect either CD4 or Ii surface modulation, both functions are apparently mediated by overlapping domains. Accordingly, changes reducing the ability of Nef to modulate Ii or MHC-II surface expression might frequently also impair other Nef functions, which are important for efficient viral replication during late stages of HIV-1 infection. This might explain why a loss of Nef function in MHC-II down-and Ii up-regulation is not observed in most AIDS patients.
In agreement with Stumptner-Cuvelette and Benaroch (62), we found that most, if not all, in vitro Nef functions investigated are genetically separable. The acidic domain of Nef was shown in both studies to be involved in down-modulation of MHC-II but dispensable for up-regulation of the Ii chain. Mutations in the C-proximal flexible loop consistently abolished the ability of Nef to modulate Ii surface expression but had little effect on down-regulation of MHC-II. Nef-induced down-regulation of CD4 and up-regulation of Ii chain required the presence of the dileucine and the five charged residues at positions 174, 175, and 177 to 179. However, they had opposite dependencies toward the dibasic motif (residues 105 and 106) and the diacidic motif (residues 154 and 155). These genetic differences probably reflect differences in the mechanisms underlying these effects. The dileucine motif of Nef has been implicated in the capacity of Nef to associate with clathrin adaptor complexes, including AP2, thus contributing to the Nef-induced accelerated endocytosis of CD4 (12) . However, the effect of Nef on Ii surface expression does not seem to result from AP2 titration by the viral protein because other AP2-dependent proteins such as the transferrin receptor are not up-regulated. Mutation of prolines 72 and 75 moderately affected MHC-I down-regulation and disrupted the ability of Nef to modulate MHC-II but not Ii surface expression (Fig. 5) . In comparison, mutation of prolines 75 and 78 totally impaired MHC-I down-regulation but had only a moderate effect on MHC II and Ii modulation (62) . Of note, it has recently been shown that of the four prolines at positions 69, 72, 75, and 78 in Nef, only position 78 is critical for MHC-I down-regulation (66) . Taken together, these data suggest that proline 72 of Nef is involved in MHC-II down-modulation. However, an intact SH3-binding domain in Nef is not required for the modulation of Ii and MHC-I cell surface expression.
Overall, our results indicate that Nef-mediated up-regulation of Ii might play a relevant role in the pathogenesis of HIV-1. Other viruses might use a similar strategy to impair MHC-II antigen presentation (59, 67) . However, much remains to be done to elucidate the mechanisms by which Nef modulates MHC-II and Ii cell surface expression and to clarify their roles in determining viral pathogenicity in vivo. It will be important to evaluate the effects of Nef on MHC-II antigen presentation in primary cells and to use Nef mutants, selectively impaired for modulation of CD3, CD4, CD28, Ii, and/or MHC-II surface expression, to clarify which activities are critical for the interaction between T cells and APCs. Such SIV and HIV-1 Nef mutants would also be useful for investigating the importance of these in vitro Nef activities to viral pathogenicity in the SIV/macaque and Nef-SHIV models (3, 36, 37) . Currently, we are analyzing nef alleles derived from a larger panel of LTNPs to clarify whether long-term nonprogressive HIV-1 infection is frequently associated with impaired functional activity in Ii up-regulation or other Nef functions.
